This paper proposes a novel shuffle turning method for a humanoid robot by controlling load distribution of each sole. Conventionally, turning motion of a humanoid robot is performed by repeating of stepping the feet. However the motion is inefficient and time consuming. In our proposed methods, the feet are slipped on the floor without stepping. To minimize variation of the turning angle due to the friction variation of the floor, the directions of the feet are changed following a predetermined trajectory and the load distributions of the soles are controlled to be nonuniform. Experiments with the humanoid robot HOAP-2 were conducted to verify the validity of the proposed method.
Introduction
Walking motion of a humanoid robot has recently been studied by many researchers.
1-3 However, there are few studies targeted to turning motion of a humanoid robot. Conventionally, the turning motion has been performed by repeating of stepping the feet. This turning motion is easy to generate because it can be treated as similar to the walking motion. However it is low efficient and time consuming.
To overcome these problems, Nishikawa 4 developed the humanoid robot which has a extrusion pin on each foot and realized the stepless turning motion. Miura at el. 5 showed the model that minimal enery is consumed by floor friction while slip turning. They conducted slip turning experiments by using a humanoid robot and a simulator and concluded that friction coefficients of the floor makes no effect in slip turning. We proposed the shuffle turning method by single foot for a humanoid robot and verified its validity by preliminary experiments.
6 In our proposed method, the feet are shuffled on the floor without stepping. Taking into account the friction variation of the floor, the directions of the feet are changed following a predetermined trajectory and the load distributions of the soles are controlled to be nonuniform. There are researches about walking on low friction floor by a biped robot, 7-10 however they are not related to turning motion Fig. 1 shows the conceptual image of the proposed turning motion. The red parts in the figure are high loaded regions and rotational centers. To verify the proposed method, we conducted the experiments on the different friction floors by using the humanoid robot, and show its validity by comparing the turning angles and the deviation of the rotational center.
Shuffle Turn by Controlling Load Distribution
It is supposed that the proposed method is affected by the floor friction than the conventional turning motion. Especially, it is strongly affected when the soles are kept horizontally, and the rotation may be unstable.
There are a lot of variety and combination how the load of the soles is distributed. Most of humanoid robots have flat and square soles, and the typical patterns of load distribution are shown in Fig. 2 . These patterns should be selected as the situation appropriately. In this paper, we focus on the following two characteristic load patterns; (a) and (e). Pattern (a) is non-uniform and symmetrical distribution, and Pattern (e) is uniform distribution.
System Configuration
Our experimental system consists of a humanoid robot HOAP-2 and a host PC. HOAP-2 is a commercial humanoid robot which is developed by Table 1 . To compare the experimental results under the same conditions, the robot was controlled by open-loop control without feedback from any sensors.
Motion Generation of Shuffle Turn
The coordination system of the feet is illustrated in Fig. 5 . The origin position of the coordination system Σ B is arranged in the middle between the rotational center points. The positions of the rotational center of the right and left sole at the initial state are described as
After the shuffle turn by θ is conducted, the positions of the rotational centers in Σ B can be written;
Joint angles of leg are calculate from r e and l e by solving the inverse kinematics problem. 
Experiments and Results
The snapshots of the experiments are shown in Figs.6-13. Each experiment was conducted five times respectively. The average of the rotation angle after turning and the average of the deviation of the rotational center are shown in Figs.14 and 15. The rotation angle was measured by the angular sensor mounted on the robot. The deviation of the rotational center was measured by a ruler. In pattern (e), the turning angle was 20[deg] approximately and did not reach to the target angle. In pattern (a), the turning angle was 30[deg] approximately and the shuffle turning was completed correctly. Additionally, the deviation of the rotational center is smaller than pattern (e). It is also shown that the rotational center is strongly affected by floor friction. The results suggest that shuffle turning with a load distribution works effectively and the appropriate load distribution is necessary for correct shuffle turning.
Conclusion
We proposed a shuffle turning method for a humanoid robot by controlling load distribution of each soles. In this method, the angle of the feet is controlled and the load is concentrated into a some point of the soles. To verify the proposed method, we conducted the expeiments comparing two kinds of load distribution and two kind of floor which has different frinction coefficient. The results show that the load distribution is necessary for correct shuffle turning. Additionally, the results reveal that the friction has considerable effect to shuffle turning.
Future research topic will be to control the load distribution of sole dynamically depending on the situation and to evaluate the stability by comparing with the conventional turning method. 
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